C ONVENTIONAL DRAG-REDUCING AGENTS (DRAs)
based on higher alpha-olefin polymers do not always prove efficient for heavy oils, largely due to polymer solubility. Heavy oils have a high content of polar hetero-atomic (oxygen, sulphur, nitrogen, phosphorus) compounds which determine their solvent power to specific macromolecules. Higher alpha-olefin polymers are non-polar compounds of the paraffin series, and therefore, they experience collapse around the oil wax-appearance temperature (WAT), i.e. they fail to dissolve in liquid hydrocarbons due to thermodynamic and/or kinetic reasons. Another unfavourable factor is the high asphaltene content in heavy oil, which inhibits the dissolution of non-polar macromolecules by adsorbing them on the surface of polymer chips. Because good polymer solubility in liquid hydrocarbon is required for the Toms effect, these two factors appear most likely to be the cause of the reduced effectiveness in heavy oils of conventional DRAs.
In order to improve affinity for these oils, polar groups such as carboxyl or aromatic substituents containing benzene nuclei with a dynamic π -electron system should be added to the polymer. A small number of ionic bonds may also be added to the polymer chain. Generally, the molecular architecture of DRA should be selected having specific pumping facilities in mind. This article discusses laboratory technology for DRA based on polar acrylic polymers, and describes its commercial form. It presents the laboratory equipment used to make qualitative predictions for the efficiency of various DRA in heavy oils.
Key words: heavy oil, asphaltenes, drag reduction, DRA, polymethacrylates, emulsion polymerization, longitudinal viscosity, elongational flow.
*Corresponding author's contact details: email: nesyngv@niitnn.transneft.ru A S THE PERCENTAGE of highly viscous oil in overall crude production will only rise over time, developing drag-reduction methods is a crucial task. Along with heat treatment, emulsion treatment, electromagnetic and ultrasonic wave technologies, the use of high-molecular-weight polymer additives, known as drag-reducing agents (DRAs), has proved to be highly efficient. The chemical nature of a polymer chain plays a crucial role in selecting a DRA for a particular oil, as a high solubility of the additive is a necessary condition for reducing the flow drag.
Properties of the oil and the polymer additive structure
Given that, in large-diameter pipelines, even heavy oil is typically transported in turbulent flow conditions, polymer DRAs can be added to reduce the flow drag. As well as good solubility, the polymer should have high molecular weight, which is the second condition necessary for the dragreduction effect. Conventional additives based on higher-olefin polymers, which are used to reduce drag in light oil and diesel fuels, do not always work well for heavy oil. This is because the latter contains a large amount of asphaltenes, resins, and high-molecular -weight paraffins, which inhibit their dissolution. This is especially true of asphaltenes, as they in fact are very fine graphite chips with hydrocarbon substituents attached to them. Graphite itself adsorbs the polymers of higher olefins quite well, and this is the basis, for example, for the procedure of purifying diesel fuel from agents after pipeline transportation [1] . Given this fact, fairly strong non-covalent interactions (atomic bridges) between polyolefin macromolecules and asphaltene particles are likely to be formed. Both interand intra-molecular bonds can form over asphaltene bridges, which always negatively affect polymer's drag-reduction performance [2] . Essentially, asphaltenes cause coagulation of these polymers. For conventional additives based on higholefin polymers, problems arise with 3% or higher asphaltene content. As such, the nature of the polymer chain is crucially important for the efficiency of the additive when transporting oil enriched with asphaltenes, resins, and paraffins.
ConocoPhillips
(currently Lubrizol Specialty Products Incorporated, LSPI), Baker Hughes, and other companies have launched DRA lines specifically for heavy oil based on highly-polar polymers, which have good solubility at high concentrations of asphaltenes. Polymers and copolymers of the acrylic series, based on 2-ethylhexyl methacrylate polymers and copolymers [3] [4] [5] , account for most patents.
A group of vinyl and diene compounds are used as co-monomers for higheralkyl methacrylates, including ionic co-monomers in small concentrations [12] [13] [14] , which form co-polymerization products capable of dissolving in heavy oil. Another polar DRA technique employs emulsion (co)-polymerization of higher esters of acrylic and methacrylic acids in an aqueous environment. This product is known commercially as water-based latex, with a polymer content of 40%. In order to reach the product's peak molecular weight value, polymerization must take place at relatively low temperatures (6 -20 °C) by redox-initiation systems such as ammonium persulphate-ferrous salt.
Injecting latex into the pipeline cannot be easily done as the latex particles, a product of emulsion polymerization, can be as small as 2µ in size. The problem arises when, due to the large contact area between the particles and the solvent, the polymer coagulates and forms the semi-solid surface at the line of contact. A kind of latex "encapsulation" occurs, whereby the capsules may form masses large enough to inhibit the necessary DRA dissolution rate in the oil pipeline. This can be prevented, for example, by removing the liquid from the latex, which is accompanied by the formation of a consolidated solid polymer, which is then disintegrated to the necessary chips size and a suspension is prepared. Alternatively, latex can be pre-dissolved in a special unit before being injected into pipelines [3] . In this case latex takes the form of a gel-type additive at the injection point. The pumped oil is used to predissolve the latex.
Along with the low efficiency of conventional DRAs in heavy oil with a high asphaltene content, there is also the problem that these DRAs have only partial solubility in cold diesel fuel and oil. According to data in international studies, DRA solubility decreases at temperatures below 13°C. At temperatures of 2-3°C this often causes the pipeline intake filters to become clogged with gel-like material.
It is assumed that near the point of phase separation, paraffin molecules associate not only with each other, but also with alkyl substituents for polymer molecules (Fig.1) . Solid polymer particles, when inserted into a flow at low temperatures, tend to become a kind of centre for paraffin crystallization and, figuratively speaking, are covered with a paraffin 'rind'. Polymer dissolution is thus either prevented, or made significantly slower. Figure 1 schematically shows the polymer behaviour at temperatures favourable for dissolution and near the phase-separation point.
This problem can be dealt with inside the alpha-olefin series by selecting the appropriate monomer. 1-Octene is utilised as the dominant monomer, as its homopolymer has the lowest glasstransition temperature in the alpha-olefin series, and therefore the best solubility in cold diesel fuel. 1-Decene, styrene [10] , or di-vynil-benzene [11] can be added as co-monomers. The second and third monomers, evidently, are intended to reduce the polymer chain order, which lessens the propensity for polymer molecule association and increases its solubility.
Polyisobutylene (PIB) has a longer history as a drag-reduction agent for liquid hydrocarbons, compared to that of acrylate and higher olefins [16] . It is likely to have been used as an additive in the Trans-Alaska Pipeline in 1979. At present, PIB is regarded as an alternative to olefin additives for diesel fuel, as it does not cocrystallize as well with paraffins at low temperatures, and does not form ash on combustion [17] .
As has been mentioned, vynil-aromatic components are introduced into a polymer chain to improve alpha-olefin polymer solubility in unfavourable conditions. Methods for producing these copolymers are described in the patent [15] .
It should be noted that in a mixed additive, consisting of acrylate and olefin DRA with a good solvent, a synergy of action is observed in the two components, i.e. the mixture of these witives works better than either of them separately.
In light oil, a temperature decrease can also negatively affect the quality of conventional additives. Experimental industrial testing revealed that DRAs based on higher alpha-olefin polymers were significantly less effective for light oil when the temperature dropped to around 3°C. This is despite the fact that at 10°C the additive demonstrates its normal behaviour. Here it is worth examining the complex impact of heavy fractions of crude oil on polymer molecules: in addition to asphaltene's coagulating capacity, the phase transformations of paraffins and resins have a significant impact. The drop in additive effectiveness can also be linked to the worsening solvent quality, i.e. a decrease in oil temperature makes it a poor solvent for polymer. The worse the solvent, the less active the polymer, leading to faster degradation processes.
In cold light oil, as in cold diesel fuel, structurally disordered olefin polymers prove more effective, namely olefin copolymers of different chain lengths and vynil aromatic monomers. In moredifficult cases, polymers from the acrylic group must be added, containing polar carboxyl groups in each link of the polymer chain, such as 2-ethylhexyl methacrylate and butyl acrylate copolymers [7] .
Laboratory testing of DRAs for heavy oil
Laboratory testing for heavy oil additives is conducted both in a laboratory circulation rig and using rheology instruments designed to measure shear and longitudinal viscosity. Figure 2 shows a laboratory test flow loop [8, 20] that was set up by the Pipeline Transport Institute.
Screw pumps are used to circulate oil containing additives, as they cause less degradation of polymer molecules than other types of pump. The additive is injected into the flow by a special dosing system. Using the pressure and flow rate sensors, the oil-flow parameters before and after the additive is injected, and drag reduction (DR), were determined.
Depending on the form of DRA that is added (suspension or gel), corresponding curves are obtained for change in DR vs time. If the DRA is first dissolved in a feed tank, or a gel-type DRA is used, maximum drag reduction can be observed almost immediately the circulation pump is started. Where DRA is a suspension, two competing processes (dissolution and polymer degradation) lead to the relationship between drag reduction and time when the additive is injected into the flow shown in Fig.3 .
Peak DR value characterizes polymer efficiency in particular flow conditions with a given DRA concentration, which indirectly serves as a measure of the molecular weight. The time at which the maximum DR is reached characterizes the balance between the additive's dissolution rate, which largely depends on polymer particle dispersion and its molecular weight, and macromolecule degradation rate when flowing through the pump. The right branch of the curve shows DRA degradation. The laboratory test rig is used for comparative tests of various DRA samples by one of these parameters. for evaluation can also be applied, and additional laboratory equipment is used to evaluate the effectiveness of polymer additives in oil with various properties and viscosities.
The behaviour of a solution in elongational flow conditions is regarded as a qualitative criterion for determining polymer solubility in oil. When a highmolecular-weight polymer is dissolved in a liquid, the solution gains elastic properties [18] . During elongational flow, a filament forms which thins over time and eventually ruptures (Fig.4) . The longer the 'neck' can be sustained, the better the drag reduction.
If the polymer's molecular mass is high and it dissolves easily in oil, then its solutions acquire so-called spinnability (an effect largely similar to that described above): when a glass rod is dipped into the solution and then rapidly withdrawn, the liquid does not form separate drops as is the case with pure oil, but rather forms an unbroken stream, which thins over time, turning into a filament and eventually breaking off.
The Haake CaBER 1 apparatus [19] (Fig.5) , which is most frequently referred to in patents, is used to record the change in diameter of the liquid filament in samples containing a dissolved additive, after it is subjected to sharp elongation. Further mathematical processing calculates the solution's longitudinal viscosity, which allows a reliable prediction to be made for the additive's impact on drag reduction for a given oil.
The relationship between filament diameter and time is used for a comparative evaluation of DRA solubility and quality in a given oil. In order to obtain a statistically accurate picture, one sample should be analysed at least ten times. Figure 6 illustrates the change in filament diameter over time for various heavy oil samples from the San Joaquim Valley [5] . Additives based on acrylicseries polymer, 2-ethylhexyl methacrylate, dissolve well in the oil indicated, and the filament holds for a fairly long time before rupturing (Fig.6b) , and significantly exceeds the stream rupture time for crude untreated oil (Fig.6a) . The introduction of conventional additives (results are shown for Liquid Power DRA) did not make any noticeable difference to the elastic properties of heavy oil (Fig.6c) . This proves that Liquid Power does not dissolve in the liquid hydrocarbon indicated. Characteristically, when tested in pipelines, it demonstrated no result even at a concentration of 187 ppm, whereas 2-ethylhexyl methacrylate at a concentration of 50 ppm reduced drag by approximately 30%. As such, laboratory data can accurately predict the behaviour of DRAs in actual pipelines transporting high-viscosity oils. 
Conclusion
To briefly recap the present survey of polymer DRAs for oil with heavy fractions, the following key points should be noted:
1. Conventional anti-turbulence additives used for diesel fuel and light oil typically have markedly reduced effectiveness at low temperatures (about 3°C). In order to produce polymers that are stable when cooled, blends of alpha-olefin and vinyl aromatic monomers should be used, as they give a more loose and disordered structure during polymerization.
2. For heavy oil with asphaltenes content exceeding 3-4%, DRAs based on higher methacrylate and acrylate co-polymers should be used.
3. Using measurement results for longitudinal viscosity obtained using a laboratory rheometer, efficiency can be accurately predicted for a particular DRA in a particular heavy oil. 
